Recent findings suggest that dysentry-causing Shigella strains have arisen several times from Escherichia coli via plasmid acquisition and phenotypic convergence. Similarly, three Bacillus strains with distinct pathogenic properties are derivatives of a single species whose behavior is profoundly altered by acquired plasmids.
In many cases, the crucial differences between harmless microbes and pathogens are a few genes encoded on mobile elements such as plasmids, transposons or integrated phage genomes [1] . But if one wants to understand how pathogens evolve, analysis of these mobile genetic elements, though important, is not sufficient. Indeed, the sequences of mobile genes reflect their own evolutionary history, not necessarily that of the cell they reside in. Sequences of highly conserved ribosomal RNA genes are typically used for assessing relationships among microbes across broad evolutionary distances. For examining closely related bacteria, an alternative approach that involves comparing sequences of non-mobile genes encoding metabolic enzymes is gaining popularity [2] . To illustrate this, we will discuss recent work on the evolution of Shigella [3] and pathogenic Bacillus species [4] .
Dysentery has long been a bane of humanity, particularly during wartime or following natural disasters, and in any human habitat where sanitary standards are minimal or compromised [5] . The disease is transmitted by the fecal-oral route, and is characterized by an acute intestinal inflammation resulting in mucosal damage and diarrhea (often bloody), fever and abdominal cramps. Mortality rates vary widely depending on the pathogen involved, the age and health of the patient, and the availability of medical care. Shigella species are the major bacterial cause of dysentery, or 'shigellosis'. Millions of cases of shigellosis occur every year, mostly in underdeveloped regions of the world, but not exclusively. In more economically developed nations, outbreaks of shigellosis have occurred in daycare centers and institutions for the mentally disabled, on cruise ships and through food service facilities [5] . As an example, a recent shigellosis outbreak at a San Francisco area restaurant that was attributed to contaminated salsa sickened over 200 customers and killed one.
Several factors contribute to making Shigella a successful pathogen ( Table 1 ). The infectious dose necessary to cause illness is exceedingly low -fewer than 100 bacteria consumed orally can produce diarrhea [5] . Shigellae are resistant to gastric acid and bile salts, ordinarily formidable hazards for microbes moving through the gastrointestinal tract. Once they reach the intestines, Shigellae invade the mucosal epithelium and spread from cell to cell in the epithelial layer, causing extensive necrosis while avoiding host defenses [6] . Shigellae also secrete potent cytotoxins which amplify the damage. Shiga toxin, which is produced exclusively by S. dysenteriae type 1, is the best known and most harmful Shigella toxin. Enterotoxins have been identified in other Shigella strains as well [5, 7] . As with many bacterial pathogens, an increasing number of Shigella isolates are resistant to multiple antibiotics, complicating treatment of the disease.
Four species of Shigella are recognized (Table 1 ), all of which are similar genetically and metabolically to E. coli. Indeed, it is generally acknowledged that they could rationally be considered part of the species E. coli [7] . The official taxonomic distinction has nevertheless been retained, mostly because shigellosis is a significant disease, and the species designations are useful for diagnostic, treatment and epidemiological purposes. Laboratory differentiation between Shigella and E. coli isolates relies initially on the lack of motility and inability to ferment lactose exhibited by Shigellae; subsequent characterization is based on serology and a limited number of additional biochemical features (Table 1) .
In an effort to clarify relationships between Shigella and E. coli strains, Pupo et al. [3] obtained DNA sequences of eight housekeeping genes from 46 Shigella strains (including representatives of all known serotypes), eight E. coli strains and Salmonella enterica LT2, a more distantly related enteric pathogen. Over 7000 total base pairs of DNA sequence from each strain were compared. Sequence alignments were used to assemble phylogenetic trees identifying nearest neighbors for each strain ( Figure 1a) . The results show three major clusters of closely related Shigella strains, and five outlying strains. Most of the Shigella branches of the tree are flanked by E. coli strains, confirming that the Shigella 'genus' as a whole fits comfortably within the E. coli taxonomic group. Only one S. boydii isolate is so divergent that it seems truly worthy of a separate species designation. Each of the three major clusters of Shigella strains contain serotypes previously assigned to different species, suggesting that the Shigella species designations currently used do not even accurately reflect common evolutionary descent.
The existence of distinct lineages of Shigella strains within the E. coli taxonomic group suggests that the pathogenic phenotype characteristic of Shigellae could have arisen independently multiple times. This is not an unreasonable assertion, considering that the most important trait allowing these bacteria to cause disease -the ability to invade and spread between mucosal epithelial cells -is attributable primarily to plasmid-encoded genes [8] . Acquisition of the virulence-determining plasmid would have been a prerequisite for Shigella-like pathogenicity. Plasmids are a proficient vehicle for lateral gene transfer by conjugation, and the crowded microcosm of the bowel certainly provides ample opportunity for plasmid-bearing cells to conjugate with commensal E. coli, creating new strains.
The other phenotypic properties that characterize Shigella species, such as lack of flagellar motility, could have arisen by mutation after virulence plasmid acquisition. Different Shigella strains have distinct mutations eliminating flagellar synthesis, consistent with independent evolutionary histories [9] . With the ability to spread intracellularly using actin-based motility, flagellar motility might be dispensable, or even disadvantageous because of its high energetic costs. Additional selective pressures may have driven the convergent loss of other genes in Shigella strains. Loss of lysine decarboxylase through genetic deletion appears to be favorable, as the product of the lysine decarboxylase reaction inhibits enterotoxin activity [10] . Deletion of gene encoding lysine decarboxylase has occurred in at least one enteroinvasive E. coli strain as well. Enteroinvasive E. coli are diarrheagenic and resemble Shigella in enough ways ( Table 1 ) to suggest that the invisible hand of natural selection that created Shigellae is also guiding the convergent evolution of enteroinvasive E. coli.
Multilocus DNA sequence typing has also been used to explore the evolution of other bacterial pathogens, including spore-formers from the genus Bacillus. Bacillus cereus is a common soil bacterium, but it is also an opportunistic pathogen associated with food poisoning, trauma-associated eye infections and periodontal disease. Bacillus thuringiensis is a virulent insect pathogen that produces crystalline toxins in association with its spores [11] . Genes encoding these toxins of various B. thuringiensis strains have been inserted into plant genomes to engineer pestresistant crops. The final important member of the group, Bacillus anthracis, attained a prominent place in the early history of microbiology in the 1870s when Robert Koch conclusively proved that this bacterium causes anthrax. This was the first time a specific microorganism had been proved to cause a disease, and the now-famous 'Koch's postulates' for establishing the aetiological agent of a disease were inspired in part by this work. Anthrax contin- ues to be a global problem for domestic livestock and wild ungulants, but fortunately is increasingly rare as a human disease, at least in developed countries. It nevertheless remains a problem of great interest, as B. anthracis spores, which cause a highly lethal form of anthrax when inhaled, could potentially be used as a biological weapon by terrorists or rogue nations [12] . (As a side note, the extremely low infectious dose of Shigella also makes it a concern as a bio-terrorism agent.)
What do these three Bacillus species exhibiting wildly divergent pathogenic behaviors have in common? In fact, B. thuringiensis is virtually indistinguishable from B. cereus when the large plasmid that carries the crystalline toxin genes is lost [11] . B. anthracis contains two large virulencedetermining plasmids, one encoding genes for synthesizing a protective capsule and the other encoding anthrax toxin [13] . Without these plasmids, this organism too acts very much like B. cereus. To examine their underlying genetic similarity, Helgason et al. [4] Is it possible to estimate when contemporary strains of bacterial pathogens originated? Pupo et al. [3] used mutation frequencies to calculate divergence times for the major Shigella clusters from E. coli relatives on the basis of a range of published molecular clock rates, obtaining estimates of between 35,000 and 270,000 years ago. This dating calls into question the notion that 'crowd diseases' such as shigellosis -which are human-specific, rely heavily on person-to-person transmission and are short in duration -were unlikely to arise until humans developed agriculturally based societies with reasonably large population centers [3, 14] . Such conditions have apparently Dispatch R55
Figure 1
Phylogenetic trees showing relationships among bacterial pathogens determined by multilocus DNA sequence comparisons. The distance between branches of each tree reflects genetic divergence between strains. The trees shown here are merely meant to be illustrative. Interested readers should see [3, 4] for the actual sequence data, original dendrograms and the methods by which they were generated. (a) Relationships between E. coli and Shigella strains (highlighted in red) [3] . The type designation after a strain refers to the serotype. Shigella cluster 1 contains nine S. dysenteria, nine S. boydii and two S. flexneri serotypes. Cluster 2 contains seven S. boydii and one S. dysenteriae serotype. Cluster 3 contains twelve S. flexneri and one S. boydii serotype. For perspective, the genera Salmonella and Escherichia are estimated to have had a common ancestor approximately 140 million years ago [18] , while the three major Shigella clusters are estimated to have diverged from each other 35,000-160,000 years ago [3] . (b) Relationships between Bacillus strains [4] . DNA sequences from three strains of B. cereus were compared to one strain of B. anthracis and one strain of B. thuringiensis v. kurstaki (the latter two strains are highlighted in red). Anthrax-causing strains tell a different story. Anthrax isolates from around the world show so little phenotypic or genetic heterogeneity that it has taken a great deal of effort to identify genetic markers useful for distinguishing B. anthracis strains for epidemiological investigations [15] . Does that mean that anthrax is a 'new' disease? Probably not, as its animal hosts have been around much longer than modern humans. Population bottlenecks can produce genetic homogeneity, but why would B. anthracis be affected by this more than any other pathogen? Although not a complete answer, it is worth pointing out that the biology of endospore-forming bacteria can slow the rate at which mutations accumulate. Bacillus spores are inert, non-replicating cells in which the genome is vigilantly protected from damage. Spores can survive for long periods of time -to cite an extreme case, revival of Bacillus spores after 250 million years has recently been reported [16] . If B. anthracis and its relatives spend a significant time between infections as inert spores in soil, mutation frequencies cannot be readily used to calculate the real time elapsed since different strains diverged.
Few biologists would dispute the notion that taxonomy should reflect true evolutionary relationships, but this has been a continuing challenge with microorganisms. Only in the last 20 years have molecular sequence methods become the gold standard for establishing phylogenetic relationships among prokaryotes [17] . As PCR amplification and DNA sequencing become easier, faster and cheaper, such methods are seeing wider use in diagnostic, epidemiological, and evolutionary studies. Enteroinvasive E. coli infections, for example, are confirmed by genetic analysis [7] . The new work discussed here illustrates nicely how such tools can reveal underlying genetic relationships in microorganisms despite diverse phenotypic properties. Not coincidentally, such studies also emphasize the role of horizontal gene transfer in the evolution and diversification of pathogenic microbes, something we would do well to appreciate at a time when the global battle against infectious diseases seems to have reached a standstill.
